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1. INTRODUCTION 

The problem of radiative heat t ransfer  to the surface of a space vehicle 

during en t ry  into a planetary atmosphere has gained in importance with the 

establishment of national programs for lunar exploration and missions to the 

near  planets,  The entry velocities for some of these missions will be well 

above the Ear th  orbital  value and, therefore ,  the flow in the stagnation region 

of a blunt vehicle will reach  high p res su re  and temperature  levels. F o r  example 

equilibrium stagnation temperatures  of more  than 14,000 K will be reached for 

the re -en t ry  from a Mars  mission. Such gas can be expected to emi t  large 

amounts of radiant energy character is t ic  of the chemical species present  in 

the flow. 

In considering the contribution of radiative t ransport  p rocesses  to the 

heat t ransfer  experienced by an entry vehicle, a distinction can be made between 

equilibrium radiation originating in the shock-processed gas ,  which af ter  
v 

passing through the bow wave has  relaxed to i t s  thermochemical equilibrium 
5 

state ,  and the non-equilibrium radiation, which is emitted from the sh0c.k front  

in which the imparted energy has not been distributed among the various degrees  

of f reedom. This paper is concerned only with equilibrium radiation in a i r  

and g a s  mixtures  assumed to represent  the atmospheres  of the near planets, 
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2. THEORETICAL CONSIDERATIONS 

The radiance of high temperature a i r  is  a resu l t  of s eve ra l  complex 

physical p rocesses  and, although the fundamentals have been studied 

theoretically in detail,  i t s  prediction depends to a considerable degree on 

approximating assumptions. Therefore,  experimental  data a r e  required to 

evaluate the predictions. The p r imary  objective of this paper is to present  

the resu l t s  of a shock tube experimental study designed to obtain total a i r  

radiance data a t  temperature  and p res su res  of in te res t  to hypervelocity 

entry. 

response total radiation cavity gage system that permi ts  the sensing of 

energy radiated from a model shock layer  through a non-absorbing optical 

path (measurements  with controlled absorption a r e  a lso possible). Thus, 

the important contribution of the vacuum UV region of the spectrum to the 

total radiant flux is not blocked by the measurement  system. 

describing the experimental  study, however, we will discuss some of the 

theoretical  aspects  of high temperature a i r  radiation. 

The unique feature of this work is the development and use of a fas t  

Before 

Because of the ea r ly  interest  in  orbi ta l  and sub-orbital  re -en t ry ,  

considerable attention has  been given in  the pas t  to the prediction of the 

radiance of a i r  and s imilar  gases  at relatively long wavelengths - grea ter  

than about 1600 A - and severa l  experimental studies have been made to 

evaluate these resul ts .  

density levels of in te res t  in superorbital  entry,  however, radiation a t  shorter  

0 

0 
At the high temperatures  (above about 8000 K )  and 
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b wavelengths tend to become important, both because of the shift of the 

blackbody curve in this direction and the relatively high absorption co-  

efficients of atomic processes  active there.  

theoretical  resu l t s  of Breene and his associates  (4) ; the implications of 

This was indicated in  the 

1 

Breene' s predictions in t e r m s  of radiative heat t ransfer  a t  superorbi ta l  

flight conditions were  discussed by the present  authors in Ref. 5. 

In Breene 's  analysis,  the major contributor to a i r  radiance for 
0 

A < 1600 A is the electron-atomic ion recombination (free-bound) mech-  

anism. Breene ' s  simplified analytical model for this mechanism has  been 

improved upon in the recent works of Sherman and Kulander (6 )  and Hahne 

(7) .  In Fig. 1 we have shown the A 1600 A intensity predictions of 

Breene and of Sherman and Kulander, each added to the Breene A ' 1600 A 

0 

0 

calculations s o  that the importance of the vacuum UV contribution can be 

seen in  t e r m s  of a nominal total intensity. The resu l t s  in Fig. 1 a r e  for a 

blunt model shock tube flow over a range of shock velocities and for a single 

init ial  tube p r e s s u r e  and a shock stand-off value; the relationship between 

shock and flight velocity for this flow configuration is shown on the abcissa .  

It is seen  that a t  these fairly high density conditions (corresponding to a 

simulated flight altitude of approximately 130,000 f t )  the X < 1600 A contr i -  
0 

butions a r e  predicted to account for about half of the total intensity. Fo r  

low density levels or a thinner layer the relative contributions of the vacuum 

UV wil l  increase  because of the self-absorbing propert ies  of the gas.  

1. Numbers  i n  parentheses  r e f e r  to references listed a t  end of paper.  
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. . Biberman and his  associates  have a l so  conducted detailed studies of 

radiative heat t ransfer  f rom a i r  including mechanisms in the vacuum UV. 

A recent  s u m m a r y  of their  work is  given in Ref. 8. Unfortunately, these 

resu l t s  a r e  presented quantitatively only in  t e r m s  of integrated radiative 

heat t ransfer  values so that the contributions of the different mechanisms 

to the total gas  radiance can only be approximately deduced. Pe rhaps  the 

most  significant resu l t  of this work is the indication that atomic line 

radiation - mostly in the vacuum UV - will account for m o r e  than 50% of the 

total gas  radiance over wide ranges of flow propert ies  and radiating layer  

thicknesses of in te res t  in re -en t ry  flight. 

An important character is t ic  of the vacuum UV radiating mechanisms 

considered by the above investigators is their  high absorption coefficient 

level. 

absorbed within a shock layer a t  flight conditions of i n t e re s t  while the same 

layer  will  be essentially t ransparent  to radiation a t  longer wavelengths. Thus, 

a t  a given velocity and altitude a thin layer  might be dominated by the vacuum 

UV contribution and a thick layer  by the long wavelength radiation. 

predicted effects of self -absorption on radiative heat t ransfer  a r e  shown in  

Figs.  2 and 3.  In Fig .  2 we have presented the total  equilibrium radiative 

heating predictions of Ref. 8 for  a range of RN values and over a range of 

flight velocities and altitudes. The predictions of Serbin ( 9 )  were  used to 

determine the shock detachment distance and no correct ion was  made to 

This causes  the predicted vacuum UV radiation to be strongly self-  

The 
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account for the curvature  of the shock layer .  

N been normalized by R 

correlation parameter .  

the correlat ion parameter  would be simply R N  . 
on total radiative heating of self -absorption is reasonably well approximated 

.6 (for this flight by assuming that the radiation is proportional to R 

regime and the assumptions of the theoretical  resu l t s ,  of course) .  

that this is simply a correlation property of detailed analytical resu l t s  and 

does not justify assumptions of the type that ass ign a wavelength averaged 

property to the gas  (such a s  Planck mean absorption coefficient o r  emissivi ty)  

and uses  this property for fur ther  analysis; that i s ,  the fact  that the 

absorption coefficient is  a strong function of wavelength must ,  in general ,  

be factored into any detailed analysis of radiative t ransfer  through, or  out 

of,  a high temperature  gas  region. 

The theoret ical  data have 

* 6  and i t  is seen that this is a reasonably good 

For  a shock layer  t ransparent  to all wavelengths, 

Thus, the overall  effect 

N 

Note 

Fig,  3 allows us to compare the predictions of different authors and 

a s s e s s  the importance of absorption on the radiative heat t ransfer  for a 

hypothetical flight situation. 

Breene absorption coefficients for the ent i re  wavelength range of interest .  

The effect  of absorption was included in  the second; i t  reduces appreciably 

the vacuum UV heating but has  a negligible effect on the long wavelength 

contribution. A s  discussed ea r l i e r  (F ig .  l ) ,  the Sherman and Kulander 

vacuum UV prediction i s  lower than Breene 's .  

taken f rom Fig. 2 ,  includes the self-absorption effect. It is somewhat more  

The upper two values were  calculated from the 

The Biberman prediction, 
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1 -  

than twice the Breene-Sherman-Kulander value which does not include line 

contributions; therefore ,  considering the importance of line radiation in  

the Biberman resu l t s ,  we can conclude that, a t  least for this flight situation, 

there is  an approximate agreement between the Biberman, e t  a1 and the 

Breene-Sherman-Kulander predictions for those mechanisms considered 

in the latter analysis.  

In addition to self-absorption, we must  consider the fact  that the 

thermal  radiation from the shock layer will reduce the total energy level of 

the gas  and hence its temperature  thus causing the emitted energy to be 

lower than that calculated on an isoenergetic shock layer  assumption. This 

can be r e fe r r ed  to as the coupling of radiation and convection (10) .  Results 

of analytical studies of this effect have been presented by Goulard ( l o ) ,  

Howe and Viegas ( l l ) ,  Hoshizaki and Wilson (12), Wilson and Hoshizaki (1 3 )  

and the resu l t s  of Refs. 11 and 1 3  have been compared in Ref. 12. These 

theories  assumed that the gas w a s  either t ransparent  (10)  (12) (13) o r  a grey  

body (11) (they did not t r e a t  the self-absorption charac te r i s t ics  a s  a function 

of wavelength), s o  that their  resul ts  mus t  be considered to be only an approx- 

imation of the magnitude of coupling effects. 

(14) and Sherman (15) developed theoretical approaches to the radiating shock 

layer  problem including the effects of coupling with wavelength dependent 

absorption and including the effects of viscosity. 

Recently Hoshizaki and Wilson 

It is anticipated that,  when the energy radiated away from the shock 

layer  becomes a large fraction of the energy convected by the flow, important 
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I .  

coupling effects will  be present .  A parameter  defined as the ra t io  of the 

uncoupled energy radiated from a heated gas region to the flow energy flux 

through that region is often used to indicate such conditions. F o r  a thin 

shock layer ,  this ra t io  can be defined a s  

We have indicated l ines of constant ':, on Fig. 2 for two spher ica l  body 

nose radii. 

be of the o rde r  of . 1 a t  velocities below the escape value. 

of Y 

I t  is seen that for  bodies with RN > 1 f t . ,  the value of Y can 

Since this value 

represents  a large decrease (25% or m o r e )  in  radiative heating 

according to the theories  mentioned above, we can be concerned that coupling 

effects might be significant in important flight situations. 

Intuitively, it s eems  reasonable to expect that the reduction i n  

radiative heat  t ransfer  due to coupling for a blunt body flow will be pr imar i ly  

a function of Y , at leas t  for  the t ransparent  gas assumption. To check 

this we have conducted a simple analysis for shock layer thickness range of 

1 to 10 cm. First, the Biberman qr values were  calculated for  a given 
U 

flight condition; second, the radiated energy loss  was assigned uniformly 

a c r o s s  the shock layer  ( isothermal  assumption ) result ing in  a lower average 

stagnation region enthalpy; third, a qr 

conditions was calculated; and fourth, the procedure was i terated until q 

value for the new effective stagnation 
C 

r C  
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was determined with reasonable accuracy. Following this approximate 

procedure,  it is indeed found that the percentage radiative heating reduction 

apparently is only a function of y . This result is given in Fig. 4. Also 

shown in the same figure a r e  several  resu l t s  f rom Refs .  11 and 12 (as 

given in the la t ter) .  The good agreement between these resu l t s  and the 

present  analysis fortif ies the conclusion that Y is the important variable 

and suggests that the assumptions used in the three calculation procedures  

a r e  equivalent. Different resu l t s  a r e  presented in  Ref. 10 which predict  

considerably m o r e  reduction in  radiative heating a s  a function of Y than 

shown in F ig .  4 (e.g. , q /q r  = . 5 at y = .05).  Finally, we again 
U 

emphasize that these conclusions a re  not necessar i ly  valid for a gas  that 

has  a strong w'avelength dependence of i t s  optical propert ies  which will tend 

to produce temperature  variations across  the shock layer.  

An interesting property of the coupling parameter  can be seen through 

analysis  of a hypothetical entry vehicle trajectory.  Fig. 5 shows the velocity- 

altitude t ra jectory (simple ballistic) of a R = 1 f t .  body that en te r s  the 

atmosphere a t  4 0 , 0 0 0  f t /sec.  

predictions of Biberman and the coupling parameter  based on these predictions. 

N 

We have also shown the uncoupled heating 

F r o m  the shape of these curves,  i t  can be seen that location of the peak 

coupling parameter  precedes the peak uncoupled radiative heating point by 

s e v e r a l  seconds. This is seen in Fig. 6 where Y and q r  a r e  plotted a s  

functions of time. If we now make the assumption, discussed above, that the 

U 

percentage reduction in radiative heating a t  any point on the t ra jectory is 
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only a function of Y , we conclude that the coupling effect will  not only 

reduce the radiative heating but also shift the maximum heating point (and 

the centroid of the heating pulse a rea )  somewhat to la te r  t imes than indicated 

by an uncoupled prediction. This property is i l lustrated in Fig. 6 through 

plots of the coupled heating, qr , a s  determined from Fig. 4 and Ref. 10 

again assuming that q /q is only a function of Y . The approximate 

coupling correct ion to the Biberman prediction, based on Ref. 10, is a l so  

C 

rc ru  

shown in Fig. 3. 

F r o m  this brief discussion we conclude that radiative contributions 

in the vacuum UV region of the spectrum (nominally defined he re  a s  500 to 

1600 A ), self-absorption of the shock layer  gas ,  and coupling between the 
0 

radiated energy and the flow energy a r e  of potential importance in the study 

of radiative heating to entry vehicles in  superorbi ta l  flight regimes.  

sense  , the existence of strong vacuum UV radiation promotes  the importance 

In a 

of self-absorption and coupling, since it is the radiation a t  these wavelengths 

that has  large absorption coefficients, and since the coupling parameter  a t  

a given velocity-altitude point is proportional to the total energy radiated 

away. 

amenable to analysis i f  the gas  is  transparent.  

On the other hand, the coupling problem is relatively much more  

The following sections present a description and the resu l t s  of our 

experimental  study. In this paper we have concentrated on determining the 

importance of the vacuum UV contribution; however, we have a l so  investigated 

the abil i ty of the shock tube to provide useful flow conditions well into the 
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coupled regime and obtained some prel iminary indication of the importance 

of coupling at a Y value of the order  of . 1. 

3. EXFERIMENTAL TECHNIQUES 

Facility Description and Performance 

In the study of radiative propert ies  of high temperature  gases  one 

is confronted with the problem of producing well  defined samples  of tes t  

gas a t  appropriate temperature  and p r e s s u r e  levels  for  t ime durations com- 

patible with the response character is t ics  of the radiation sensors .  In the 

case  of model measurements ,  this mus t  be long enough to allow the formation 

of a steady flow around the model. The simulation of conditions corresponding 

to hypervelocity entry has  become possible with the development of the 

electr ical ly  driven shock tube (16 )  (17). 

shock tube in which the dr iver  g a s  remains isolated from the t e s t  gas in the 

It is essentially a conventional 

low p r e s s u r e  driven section by means of a meta l  diaphragm until the heating 

process  of the light gas in the driver - an  e lec t r ica l  discharge of capacitor 

s tored  energy - is completed. 

have been discussed in Ref s .  5 and 18. 

in te rna l  diameter  and is 31.5 ft. long. 

The design features  and the mode of operation 

The driven section has  a 6 in. 

A capacitor bank rated at 304,000 

joules supplies the energy to the driver which m a y  be var ied in s ize  up to a 

3 in. diameter ,  and 4 1 / 2  ft. length. 

Fig. 7 i l lustrates  the instrumentation techniques used to determine 

the shock tube performance; a l so  indicated a r e  the techniques used to measure  
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total gas radiance both behind the incident shock wave and in the stagnation 

region of a blunt model in the flow between the incident shock wave and the 

dr iver  gas. 

blunt model flow. 

This paper will present  resu l t s  only from the studies in the 

To determine the tes t  flow propert ies  and to a s su re  validity of the 

data during each run, s eve ra l  measurements  a r e  made. 

s e r i e s  of photomultipliers located at  var ious stations along the shock tube 

a r e  used to measure  the incident shock wave velocity a s  a function of 

distance from the diaphragm. 

and with the help of the thermochemical equilibrium shock tube relations 

the proper t ies  in  a particular flow region a r e  determined. 

used for  assess ing  the quality of the test flow a r e  dependent on observations 

(from the sidewall of the shock tube) of the radiant emission from the gas 

behind the incident shock wave and from the flow in the stagnation region of 

the model. Since the emission is a strong function of temperature ,  the 

temporal  quality of the flow, in t e rms  of i t s  thermodynamic proper t ies ,  and 

i t s  duration can be deduced from the steadiness of the emitted radiation, 

while the spatial  quality, f rom the image converter photo raphs. Instrument- 

ation details and shock tube performance data a r e  discussed in Refs. 3, 5, 

16,  18  and 19. 

Signals f rom a 

From this and the initial shock tube p r e s s u r e ,  

The techniques 

In view of the discussions in the las t  section, i t  is interesting to 

consider  shock tube performance in t e r m s  of flight condition simulation and 

coupling parameter  levels. This has been done in Fig. 8. Shown a r e  se t s  of 

-11- 



incident shock velocity - initial tube p r e s s u r e  data taken with different s ize  

dr iver  tubes ( represented by the nominal dr iver  energy density values).  

Scales showing flight velocity and approximate altitude simulation achieved 

in the blunt model stagnation region a r e  given on the figure. 

a r e  plots of the coupling parameter ,  [ , based on the Biberman, e t  a1 

predictions,  for a flat  faced cylindrical model with a 1.5 in. diameter .  

A uniform test t ime of about 9 p s was obtained for the high velocity runs 

in Fig. 8. More than half of this can be considered to be the quasi-steady 

tes t  t ime during which tes t  data can be obtained. The t ime responses  of the 

measurement  techniques used a r e  well within such a flow duration. 

lower velocity runs,  the tes t  durations a r e  usually considerably longer 

than that shown in Fig. 8 (see Refs. 5 ,  18 and 19). Therefore ,  i t  can be 

concluded that the t e s t  facility used for  the present  study i s  capable of 

producing useful tes t  flows to simulated flight velocity levels of 6 0 , 0 0 0  f t / s ec .  

At these conditions and for model s izes  that have been used, values of 

considerably grea te r  than , 1 a r e  obtained. 

the important effects of radiative -convective energy coupling on the stagnation 

region flow. Also, since there is  adequate tes t  t ime available a t  the Uf = 

60, 000 f t / s e c  condition, i t  seems reasonable to assume that significantly 

higher flight velocity simulation with useful tes t  durations would be available 

in the present  facility through the use of a higher energy density dr iver .  

Also shown 

F o r  

Y 

This permi ts  fur ther  study of 
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Total Radiation Measurement Techniques 

The method followed he re  f o r  the experimental  study of high temp- 

e ra ture  gas radiation was based upon the development of a measuring 

technique capable of sensing integrated total  radiance over the complete 

wavelength spectrum of interest .  Photo-emissive devices in general  use,  

such a s  photomultipliers and phototubes, a r e  sensitive only over a limited 

range of wavelength. A thin film resis tance thermometer  gage of the type 

widely employed in shock tubes and shock tunnels for measuring convective 

heat t ransfer  offers suitable sensitivity and fast  response. However, a 

difficulty a r i s e s  in the determination of i t s  surface reflectivity which is a 

function of the surface conditions, the wavelength of the incident radiation 

and the incident angle. 

The gage used in the present  experiments  (20)  draws on the black- 

body cavity principle for its geometric shape. 

of a cylindrical  body with the entrance slit s e t  off-axis. 

gage i s  coated with a thin film of platinum which se rves  as a fast response 

res i s tance  thermometer .  

radiation which en te r s  the gage is trapped inside giving i t  a response which 

is essent ia l ly  independent of the radiation wavelength. 

The gage is made in  the form 

The inter ior  of the 

Because of the chosen geometry almost  a l l  

The temperature  and density level of the gas under study can cause 

a wide variation in  the spec t ra l  distribution of the emitted radiation. 

Fig. 9 theoretical  spec t ra l  distributions of a i r  radiance a r e  shown, one for 

air at 7000 OK and 1 atm (4 )  and the other a t  1 4 , 0 0 0  OK and the same p r e s s u r e  

In 
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but without the contribution from line radiation (8). 

lower temperature  contains mostly contributions from molecular bands 

in the UV,  visible and IR range. Very little emission is expected below 

1800 A due to the limitations of the black body radiation. At the higher 

temperature ,  however, free-bound, f ree  -free and bound-bound transit ions 

in the vacuum UV pa r t  of the spectrum a r e  responsible for a l a rge r  p a r t  

of the total emission. 

The spectrum at the 

0 

Materials normally used for windows in shock tubes have distinct 

shor t  wavelength t ransmission cut-offs. These cut-off values,  a s  shown 

in Fig. 9, 

in te res t  in high temperature  gas radiance studies. Therefore ,  a measu re -  

ment system with a windowless capability i s  suggested. The remainder  of 

this Section is concerned with the steps leading to the development of 

cavity gage-model systems with and without solid windows in  the gage-to- 

gas optical path. 

stagnation region gas ahead of a blunt model a s  the t e s t  gas sample. 

a r rangement  of the total radiation cavity gage inside a model with a window 

was descr ibed in Ref. 5. Several  different window mater ia l s  - quartz ,  

sapphire ,  lithium fluoride - a r e  being used in  this measurement  system. 

Therefore ,  the combination of the gage-model system and the shor t  X 

cut-off wavelengths of the window mater ia l s  (including the gases  used in  the 

windowless configuration discussed below) offer a reasonable degree of 

spec t r a l  selectivity for this measuring system (in addition to its total  

cap abil i ty ) . 

occur a t  wavelengths longer than much of the radiation of 

Data presented in this paper were  measured using the 

The 
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During init ial  operation of the gage, evidence of photoemission from 

For tes t s  in  which the gage was evacuated the platinum film was observed. 

to a p r e s s u r e  of approximately 3 microns,  the photoelectric effect was 

strong enough to  produce par t ia l  short-circuiting of the gage. 

were  made with a glass  window under the same flow conditions with no 

evidence of the photoelectric effect; this indicated that the photons with 

energy corresponding to a wavelength sma l l e r  than about 3500 A a r e  required 

to cause the photoemission ( a s  expected). 

the gage was filled with pure nitrogen at 1 atm p res su re .  

s ized that the nitrogen would reduce the mean  f ree  path of the electrons 

and cause a space charge to develop close to the surface of the gage, which 

would inhibit any fur ther  electron emission within a fraction of a microsecond. 

Nitrogen gas was chosen initially because of i t s  large cross-sect ion for 

collision with electrons.  

A few runs 

0 

To fur ther  investigate this effect, 

It was  hypothe- 

The use of N 2  is  satisfactory behind sapphire and quartz windows; 

however,  for studies of vacuum U V  radiation, N 2  is not suitable because of 

i t s  photoabsorption charac te r i s t ics  (see Fig. 9) .  In this ca se ,  the choice is 

l imited to r a r e  gases ,  with helium and argon displaying the mos t  desirable  

optical  propert ies .  (The cut-off for helium, not shown in Fig. 9 ,  occurs  

at about 190,000 cm Although argon and krypton display c ross -sec t ions  

fo r  e lec t rons  grea te r  than nitrogen a t  electron energies  above 4 ev, both a r e  

pract ical ly  t ransparent  to electrons with energies  in the vicinity of 1 ev. 

This t ransparency,  known a s  the Ramsauer-Townsend effect, is typical of 

-1 
). 

-15- 



the heavier r a r e  gases .  A gas mixture with equal proportions of K r ,  having 

large cross-sect ions for  energetic e lectrons,  and He, with a reasonable 

effectiveness for scattering slow electrons,  was found to sup res s  the photo- 

e lectr ic  effects. 

A s  previously mentioned, a windowless gage-model system is 

required for sensing vacuum UV radiation. 

model is necessary  to counteract the photoelectric effect, the problem 

a r i s e s  of how to contain this gas inside the model pr ior  to the a r r i v a l  of the 

incident shock wave and prevent it from mixing appreciably with the t e s t  gas.  

The resul ts  obtained ea r l i e r  indicated that the gas density inside the model  

must  be considerably higher than the shock tube initial p re s su re  for an 

effective restr ic t ion of the movement of the photoelectrons. 

model a s  shown in Fig. 10 was therefore developed in which a s t re tched latex 

membrane  separa tes  the model gas f rom the shock tube. A pulse of cu r ren t  

is passed  through a .002  in. wi re  located along the rectangular entrance slit 

and in contact with the latex membrane. 

takes place but the rapid heating weakens the latex to a point where it t e a r s  

under its own internal  stress. 

slit of the model takes approximately 15 /As. 

p r e s s u r e ,  a delay of about 140 p s between the cu r ren t  pulse and full opening 

of the slit was observed. 

By using a delayed t r igger  signal from an upstream station, the full opening 

p r o c e s s  can be scheduled to be completed approximately 10 /A s p r io r  to the 

Since a gas mixture within the 

A windowless 

No combustion of the membrane  

The p rocess  of the uncovering of the entrance 

Depending on the gage gas  

This delay was found to be repeatable within t 10 p s. - 
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a r r i v a l  of the incident shock wave at  the model station. 

the inflow process  in  the case  when the internal  p r e s s u r e  is much lower than 

the stagnation p r e s s u r e ,  indicated that it would be difficult to account 

properly for the absorption character is t ics  of the inflowing gas  (unsteady 

and non-equilibrium expansion process  i n  the optical path). 

p r e s s u r e  is  se t  equal to the stagnation p r e s s u r e  this effect will ideally be 

eliminated; therefore ,  we have followed the la t ter  approach in our window- 

l e s s  system. 

Consideration of 

If the internal  

At the instant when the latex membrane  breaks ,  the gage gas  i s sues  

through the entrance s l i t  into the stationary gas in the shock tube, 

breaking point of the membrane occurs  approximately l o p  s before the 

incident shock a r r i v e s  a t  the model, only a smal l  amount of the gage gas  

escapes and its penetration is limited to a few cent imeters  upstream of the 

model. 

incident shock a r r i v e s  the model which is usually l e s s  than the t ime needed 

to f o r m  the quasi-steady blunt body flow. Another advantage of being able 

to t ime the membrane  opening to within about 10  p s of the shock a r r i v a l  is 

that the expansion wave inside the model does not reach the gage and cause 

a convective perturbation within the flow tes t  time. 

between the t e s t  gas and the gage gas is stationary,  the diffusion of the gases  

a c r o s s  it was estimated to be negligible during the t ime corresponding to a 

typical t es t  gas  flow ( 2 0 - 3 O p  s). 

obtained f rom the windowless model is shown in F ig .  10. 

Since the 

This gas is swept downstream during the f i r s t  1 -2  CC s af ter  the 

Assuming that the interface 

An oscilloscope t r ace  of the gage signal 

In this case  the 
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inter ior  of the model was filled with a mixture  of one to three ra t io  of 

He and K r .  

Note that the use of K r  a s  a gas window does not real ly  pe rmi t  the 

sensing of total  gas  radiance,  since the low wavelength cut-off of K r  (photo- 

ionization) is approximately 880 A . Depending on the theoretical  es t imates  

used, the K r  may  block 10-2070 (Biberman, et a l )  to 25-3070 (Breene-Sherman 

and Kulander) of the total  radiance in a shock tube t e s t  a t  14000OK. However, 

the spec t ra l  region between 880 A and 1200 A is of considerable importance 

according to the predictions discussed ea r l i e r .  Therefore ,  we believe that 

the windowless gage-model system a s  present ly  developed represents  a 

useful s tep towards the achievement of a t rue total gas radiance sensor .  

0 

0 0 

Photographs of the shock layer ahead of the blunt model a r e  taken 

during each run with an image converter camera .  

to establish the volume of the radiating gas sample that contributes to the 

radiant energy sensed by the cavity gage. 

i n  Fig. 11, with the three  consecutive f r ames  taken 5 CC s apart. 

t r a c e s  in the same figure show the c a m e r a  monitor and photomultiplier 

signals.  

shock tube and is focused just  ahead of the model stagnation point. 

image  converter camera  frame was obtained during the flow formation as 

indicated by the camera  monitor. The next two f r ames  were  taken during 

the s teady flow corresponding to an approximately uniform shock layer 

These data a r e  required 

Photographs from a run a r e  shown 

The lower 

The photomultiplier looks through a window in the sidewall of the 

The first 
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radiance and constant stand-off distance. 

that a uniform flow was achieved within the expected t ime (with the end of 

tes t  gas flow c lear ly  visible),  and that the shape of the bow shock wave was 

not per turbed by the presence of the windowless s l i t  a t  the stagnation point 

of the model. 

These photographs a l so  indicate 

4. RESULTS 

Data obtained from the shock tube blunt model test flow using the 

window and windowless cavity gage measurement  techniques descr ibed in 

the l a s t  section a r e  shown in Figs.  12 and 13. Compared in  Fig. 12 a r e  

resu l t s  for 1 1 / 2  inch diameter  flat faced model with quartz  windows and 

with the window-less configuration (with an internal He -Kr  mixture)  and 

resu l t s  for a RN = 1 inch hemispherical  model with quartz  windows. In 

Fig. 13, we have compared data obtained with quartz and LiF windows. 

On both f igures ,  we have shown the intensity predictions for  the shock tube 

conditions of Breene,  e t  a1 ( A > 1600 A ), Breene ( > 1600 A ) - 
Sherman and Kulander ( > 1600 A ), assuming a 1 cm stand-off distance. 

An es t imate  for  line radiation has  been made using Vorobev and Norman (21) 

predictions which has  to be given as an  approximate band since their  resul ts  

did not coincide with the conditions of our experiment. 

1 2  and 13  have a l so  been referenced to a 1 cm thick shock layer  value from 

the shock stand-off distance measurements  of 2.8 mm for the hemispherical  

model  t e s t  and 7. 6 mm for the flat faced model. 

be m o r e  easi ly  compared. 

0 0 

0 

The data in F igs .  

This allows the resul ts  to 

A theoretical correct ion of 9% - due to self-  
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absorption - has  been applied to the windowless data to account for this 

adjustment. 

A theoretical  correct ion of 1070 has a l so  been included in the windowless 

data to account for  the low length radiation cut-off by K r  in the model. 

The indicated corrections to the window data a r e  negligible. 

Finally, a conservative est imate  of self-absorption in  the stagnation region 

boundary layer  was  made a t  the velocity level of the windowless tes t s  and 

a t  a potentially severe  absorption density level. An apparent reduction in 

intensity of 870 was indicated for these conditions; however, no correct ion 

for  this  effect has  been made in the data. 

F i r s t ,  in  Fig. 12 it is seen that the windowless data a r e  considerably 

higher than those from the window models. The two correct ions to the data 

a r e  in  opposite directions so  that their relative positions in the figure a r e  

equivalent to the relative levels of radiant energy sensed by the gages in 

the shock tube tests.  Therefore ,  the data show a large contribution to the 

radiant intensity between the low wavelength cut-offs of quartz and of K r .  

Second, the quartz  data a r e  in reasonably good agreement  with the Breene 's  

predictions for A > 1600 A . This comparison is pertinent,  since the 

quar tz  windows had a relatively low cut-off wavelength (calibration of severa l  

samples  of those used in  our tes ts  showed 8070 t ransmission at 1700 A ) and 

0 

0 

since there  is a negligible contribution to intensity in Breene 's  predictions 

between 1600 % and 1700 %. Nerem ( 2 2 )  has  compared experimental  equilibrium 

intensity resu l t s  for  a i r  of several  investigators (1)  ( 23)  (24) taken with 

solid windows with cut-off levels to as low as 1700 A . He has found reasonably 
0 
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good agreement  between these results and between his data  and the high 

wavelength predictions of Breene. 

wavelength predictions for a gas mixture of 91% N 2 -  9% COZwas a l so  

found in Ref. 5 over a s imilar  tes t  condition region. Third,  the window- 

l e s s  data a r e  in apparent good agreement with the Biberman, e t  a1 p r e -  

dictions based on the est imates  derived from Ref.  21. Fourth,  the 

agreement  between the quartz data for the different shock stand-off 

distances indicates that there  i s  a negligible self-absorption effect a t  long 

wavelengths (as expected, of course).  More importantly, since the 

intensity data for the sma l l  stand-off distance should be la rger  than those 

for the l a rge r  value i f  coupling effects a r e  present ,  these resu l t s  imply 

that the effect of coupling i s  sma l l  for the present  tes t  conditio= ( Y is 

the o rde r  of . 1 for the flat  faced body - see  Fig. 11). 

of the order  predicted in Fig. 4 could be hidden within the sca t te r  of the 

data in  Fig. 12. Therefore ,  conclusions on the importance of coupling in  

a radiating flow based on the present data must  be considered to be p r e -  

l iminary.  

Good agreement  with Breene 's  high 

Of course ,  an effect 

In F ig .  13, the quartz and lithium fluoride data comparison suggests 

a somewhat higher intensity level in the latter.  

be a difficult ma te r i a l  to work with; the quality 

wavelength can va ry  f r o m  sample to sample. 

revealed that they became crazed  af ter  each run. 

par t icu lar  importance,  since we have not been able to determine i f  the crazing 

However, we found LiF to 

and, possibly, the cut-off 

Examination of the windows 

The la t ter  problem is of 
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occurs  during the test t ime. Therefore,  we believe that a definite conclusion 

cannot be drawn now from our data concerning the intensity in the region 

between the (potentially available) 1100 A low wavelength cut-off usually 
0 

quoted for L i F  and that for quartz.  Nerem has  presented severa l  data 

obtained with L i F  windows and concluded that there  is no substantial contr i -  

bution to the total  radiation due to emission i n  the wavelength region of 1200 

to 1700 A (22). 
0 

5. CONCLUSIONS 

Results have been presented from a study of high temperature  a i r  

radiance over range of equilibrium gas propert ies  of in te res t  to superorbital  

re -en t ry  vehicles. ~ Several theoretical approaches to the problem have been 

reviewed and compared; the following points appear to be of interest :  1 )  

radiation in the vacuum UV region of the spectrum (defined here  to be h < 

1600 A ) can be expected to be important; 2) because of the large c r o s s  section 

of the radiative mechanisms i n  the vacuum U V ,  self-absorption in  a radiating 

0 

gas layer  must  be included in the analysis of energy fluxes through such a 

layer  with a proper  regard  for the wavelength dependence of the absorption 

coefficient; 3 )  coupling between the radiated and flow energy fluxes may  

significantly reduce the total radiative heat t r ans fe r  in comparison to that 

calculated for an isoenergetic layer;  however, the prediction of such an effect 

is complicated by the wavelength dependent self -absorbing propert ies  of the 

gas;  4 )  three different theoretical  predictions (4) ( 6 )  ( 7 )  of electron-ion r e -  
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combination radiance accounts for a difference of up to 30% in  total  radiative 

heat t ransfer  for the cases  considered (not including line contributions); 

5 )  there  is an approximate agreement between the predictions of Biberman, 

e t  a1 and the other theoretical  investigators considered he re  for  mechanisms 

excluding line radiation, which, however, accounts for  more  than 50% of 

the Biberman, e t  a1 total prediction; 6 )  a body scale pa rame te r ,  R 
e 6  

, 

has been found to approximately correlate  the Biberman total uncoupled 

radiative heat t ransfer  predictions; the difference between this dependence 

and that for a simple t ransparent  shock layer  gas ,  R indicates the 
N '  

integrated influence of self-absorption in  the shock layer;  7 )  the predictions 

of Biberman resu l t  in relatively high values of the coupling parameter  

( Y = . 1)  for body dimensions of interest  at velocities of the o rde r  at the 

Ea r th  escape value; and 8 )  for  a simple type of entry vehicle, Y will  maximize 

before the peak uncoupled heating point with the probable resu l t  not only i n  

a reduction of radiative heating but a l so  in a shift of the maximum radiative 

heating point to la te r  t imes in the trajectory.  

A shock tube experimental  study has  been conducted to investigate 

s e v e r a l  of the total  radiance propert ies  of a i r .  It has  been shown that an 

electr ical ly  driven " conventional" shock tube is capable of producing useful 

model  stagnation region tes t  flows to the 60,  000 f t / s ec  flight velocity s imu- 

lation level. At such conditions the 1( values for models of prac t ica l  s ize  

a r e  far in excess  of . 1, and therefore,  important combined effects  of self-  
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absorption and coupling are to be expected. A fast response total  radiance 

measurement  technique that employs a thin film cavity sensing element  has  

been developed and used in  the study. 

with blunt shock tube models that permi t  the sensing of energy radiated 

from the shock layer  with and without solid windows in  the optical path. 

In its windowless configuration, the measurement  system as present ly  

developed has  a shor t  h cut-off of approximately 880 A . This represents  

a considerable improvement a s  compared to the best available solid windows 

and, according to the available predictions, should pe rmi t  the sensing of 

most  of the radiated energy a t  the conditions of interest .  

The cavity gage has  been combined 

0 

Experimental  gas radiance data,  obtained in the vicinity of a simulated 

38 ,000  f t / s e c  flight velocity, show that there  is a significant contribution to 

intensity in the vacuum UV portion of the spectrum. 

tend to ag ree  with the available total radiance predictions. 

data obtained with quartz windows a r e  in fa i r ly  good agreement  with the 

predictions of Breene for the corresponding wavelength regime Also, there  

appears  to be a contribution to intensity in the wavelength region between 

the quartz  and L i F  cut-off values. 

a t  this  t ime because of the difficulties encountered in  the use of L i F  windows. 

A pre l iminary  a s ses smen t  of the coupling effect for the range of conditions 

studied suggests that i t  is hidden within the scat ter  of the present  data. 

The windowless data 

Long wavelength 

However, this conclusion is questionable 

The effects  of the boundary layer  have not been included in the present  

study except f o r  the estimation of its importance in the absorption of energy 
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radiated from the shock layer for a specific tes t  condition. The boundary 

layer is of concern in flight situations not only because of this effect, but 

a l so  because absorbed radiation will influence the boundary layer proper t ies  

and, therefore,  modify the convective heat t ransfer .  This could be of 

par t icular  importance for an ablating body where relatively complex 

molecules may  exist near  the surface of the body. 

t rea tment  of this problem, applied to the determination of the performance 

of ablation mater ia l s  subjected to combined radiative and convective heating 

in superorbi ta l  flight, is given in  Ref. 26. 

A semi-empir ical  
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Figure 2. Radiative intensity of air for blunt model stagnation conditions 
in a shock tube. 
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Figure 17. Oscilloscope traces of cavity gage response with LiF window. 
photograph shows model filled with pure N2. 
shows strong photoelectric effect when model was filled with argon. 
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Figure 18. Total collision cross-sect ions of severa l  gases  for electrons 
with various energies. 
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Figure  19. Oscilloscope t race  of cavity gage response  with LiF window, 
Model filled with SOTO Kr - SOTO He gas  mixture.  
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shock tube  tes t .  
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Figure 21. Image converter camera photographs of stagnation region shock 
layer taken from sickwall. 
camera monitor and response of photomultiplier viewing stag- 
nation region flow from sidewall. 
initial tube pressure were 28, 500 ft/sec and . 33 mm hg, respectively. 

Lower photograph shows signal from 

The incident shock velocity and 
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Figure 23. Comprarison of experimental data for quartz and lithium 
fluoride windows . 


